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Increasing the efficiency of high-order harmonic generation using counterpropagating laser pulses
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We present results of computer simulations showing dramatic increases in the production and intensity of
high-order harmonicsin the cutoff region produced by 20-fs pulse with counterpropagating pulse in rare
gases. Using two different models for the gas medium, classical anharmonic oscillators representing Ne,

Ar, Kr and quantum oscillators representing™NeAr™, Kr™), we demonstrate an efficiency increase of four
and six orders of magnitude for the respective models. This suggests a notable improvement over other
methods.
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[. INTRODUCTION of the atomic density to create sufficiently precise structures
in a gas density distribution poses some technical challenges.
High-order harmonic generatidhiHG) by a strong laser An alternative approach to quasiphase matching of HHG
field in gaseous meditsee, for example, Ref§l—4]) is an  was proposed in Refll]. Rather than attempting to modu-
attractive source of coherent extreme ultraviolet and x-rayate spatially either the density of the atomic medium or the
radiation. However, the efficiency of converting the energydensity of free electrons, counterpropagating light pulses
of the driving laser pulse into high harmonics is at best®l0 (CPP can be used to disrupt the harmonic production in
in the 20-nm range, and below 18 in the 10-nm range selected zones with undesirable phase. The remaining zones
[5,6]. In an effort to increase the efficiency, HHG has beenthen constructively interfere, and overall harmonic produc-
studied in a variety of media under a wide range of drivingtion increases. The CPP-based quasiphase matching of HHG
laser parameterssee, for example, Ref$1-9|, and refer- was studied11] for a simple phenomenological model of
ences therein Significant improvements to the efficiency of HHG and relatively weak counterpropagating lighbe hun-
HHG can be made by decreasing the laser-pulse duratiodredth the intensify No attempt was made to investigate the
[2—4] and by designing laser-pulse temporal profiles to ennonlinear dynamics of the medium polarization and its effect
hance the atomic respond. Nevertheless, the efficiency of on propagation and reshaping of the driving pulse in the field
converting laser field energy into high harmonics is limitedof the CPP.
in large measure by phase mismatchg40-13. In this paper we present numerical investigations of the
Tamakiet al.[14] demonstrated a 40-times increase in thenonlinear dynamicéincluding the HHG proces®f colliding
conversion efficiency of harmonic orders near the 4@th laser pulses with equal peak intensities. The numerical data
the cutoff region by exploiting phase matching in a self- that is reported represent exact solutions to self-consistent
guided beam. Recently, Tempest al. [15] proposed a equations, namely, Maxwell’s equations associated with the
mechanism of nonadiabatic self-phase matching to enhandaser fields and model equations representing the gaseous
HHG above 1 keV by as much as four orders of magnitudemedia. The latter consists of ensembles(Df classical an-
The nonadiabatic self-phase-matching scheme is expected barmonic oscillator§l7] representing the behavior of neutral
work predominantly for wavelengths in x-ray regime pro- atoms and2) two-level quantum oscillators associated with
duced with very short laser-pulse duratioffs fs) at rela-  the fine structure of the ground state of their i¢f8]. The
tively high peak intensitiesl = 1.5x 10'® W/cn?) [15]. time-dependent Schdinger equation has often been em-
Theoretical analysis has demonstrated that quasiphaggoyed to study HHE 19,20 (requiring significant compu-
matching[16] based on a modulated density of neutral andtational resourceswhere the Hamiltonian is applied to a
ionized gase$10,13 has the potential to improve the con- model atom under the single-active electron approximation.
version efficiency of HHG by about two orders of magnitudeHowever, a number of simplified models such as the classi-
[10]. This can compensate for geometrical phase miseal anharmonic oscillatof7,17], two-level systems associ-
matches. However, this cannot deal with index-related phasated with direct transitiong21], or two-level systems asso-
mismatches, assuming them to be inseparably associatethted with Raman transitiongl8], give results that are
with the density modulation. Furthermore, the manipulationqualitatively similar to those of the more exact calculations
[19,2Q. It was recently showf22] that an ionizing two-level
system, in which the ionized population is treated as classical
*Email address: prok@inp.minsk.by particles moving inside the electric field, gives results that
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are in reasonable agreement with results obtained from inte 1¢*3 @ 16%3 ©)
grating the Schidinger equatiorj19,20]. ] ]
The results obtained by solving the time-dependent
Schralinger equation and the time-dependent Hartree-Fock
equationg 23] at intensities significantly above ¥0WwW/cn?
showed that ions can emit harmonics with much higher orderz
than neutrals. The theoretical model for HHG based on
stimulated electronic Raman scatteri@®ERS associated |
with the fine structure of singly ionized noble gases wasg
studied[18] and shown to be in reasonable agreement with
known attributes of HHG. In any case, the results presentec
in this paper do not depend sensitively on the model of the
medium. We have studied HHG with single pulses as well as 10
with CPP, using the two different models mentioned above.
We show that both models give qualitatively similar results
in the presence of CPP. The similarities include an increase FIG. 1. Amplitude spectra ve/w, of the 20-fs FWHM Gauss-
in the number of harmonicé.e., the intensity of the highest ian pulse,A=800-nm fundamental, of peak intensity X&0"*
harmonics increases by several orders of magnjtadeom- W/cn?, passed 6um in medium Duffing anharmonic oscillators

. Y S v ; : _ 8 =z
panied by a decrease in intensities of lower harmonic order&¥ith Natom=4x 10" atomS/C’ﬁé ©@o/@4o=0.1, and the parameter
of the anharmonicity3=2x 10% (A s) 2 typical for Kr (a) without

using the 160-fs FWHM Gaussian counterpropagating pulsetand
with using one.
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Il. CLASSICAL ANHARMONIC OSCILLATORS AND HHG
WITH CPP

propagation on the HHG process and its relation to collective
phase-matching effects was not studied in RéfZ]. The
numerical integration of 1D Maxwell's equatiori¢) was
We begin with Maxwell's equations in one-dimension performed using well-known algorithnj&5].
(1D), which describe the laser field polarized linearly in¥he ~ We have numerically solved the self-consistent coupled
direction and propagating in the direction. Written in  Eqs.(1) and(2) for different durations and intensities of laser
Gaussian units, the equations take the form pulses. We found that the model shows a rise in the effi-
ciency of HHG with decreasing laser-pulse duration. These
E IEx _ _‘9Hy 4m 9P E (9_Hyz _ ‘?_EX (1) results are in qualitative agreement with experimentally ob-
c dt gz ¢ Jdt’ c at Jz’ served properties of HHG, as well as with the known behav-
ior of other models(see, for example, Ref$17,26]). Be-
cause one of the ways to increase the efficiency of HHG is to
decrease the laser-pulse duratj@-4], we use as an initial
pulse envelope a Gaussian with duratigr 20-fs full width

A. Maxwell's equations in one-dimension representing the
laser field

where, for the first model for the mediutmoble gas atoms
represented as classical anharmonic oscillattne polariza-
tion is P=—Ngion€0d, Natom iS the density of atoms;-e is

the electronic charge, amglis the displacement from equi- at half maximumFWHM). Such 20-fs pulses from a Ti:sap-

Ilbnqm of an electron \_N|th|n an mdwujual atom. The anhar- phire laserwavelengthi ~800 nm), contain only eight op-
monic oscillator equation corresponding to a centrosymmetg., cycles FWHM.

ric medium[7,17,24 is Figure Xa) shows the high harmonic spectrum associated

with the 20-fs pulse passing through auftn medium with
Natom=4X 10* atoms/cm. The initial intensity of the pulse
was chosen to by=1.6x 10" W/cn?. In Eq.(2) we used

fas the parameter of anharmonicig=2x10"> (As)~?,
which has been obtained for Kr based on experimental esti-
mates[7]. The ratio between the laser frequency and the
fatural frequency of the oscillators was chosen to be
wolwa,=0.1, and the damping parameter was set to zero

ization potential of a noble gas. It should be noted, that irll =0). The spectrum in Fig.(& exhibits the characteristic
this paper we avoid relativistic intensities (#ow/cn?), ~ cutoff near the 35th harmonic. So-called “hyper-Raman

and thus the influence of the magnetic field on HHG may bé)gaks are observed to the sides of harmon.ics with order's
neglected. higher than seven. The hyper-Raman peaks in the harmonic

spectra, exhibited in both the classical anharmonic oscillator
and quantum oscillator case, were discussed in[R&f.(and
references therejrand shown to be connected with dynami-
We integrate Eq(2) using standard fourth-order Runge- cal coherence effects. Figurébl shows the high harmonic
Kutta algorithms. The spectra of HHG that we obtained arespectrum generated by the same pulse when it passes through
similar to the results of the analogous model under similathe medium in the presence of a 160-fs counterpropagating
conditions[17]. However, the influence of the laser-pulse pulse with the same peak intensity. A comparison of Figs.

q+T g+ wi.0=—emEx(t,2) - Bg®, 2

wherel” is a damping termp,, is a characteristic frequency,
and B is the parameter of anharmonicity. For the model o
HHG based on Eq(2) with a laser pulse having frequency
w, the ratiow/w,, is considered to be of the order of 0.1
[17], corresponding to the typical ratio between the photo
energy of a terawatt laséusually Ti:sapphirg and the ion-

B. Results of the anharmonic oscillator model for the medium
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1(a) and 1b) reveals that the CPP alters radically the spec-<contained within the spectrum of the pulse, i.e., its frequency
trum of the 20-fs pulse(l) The maximum harmonic photon range contains a continuous set of components that are com-
energy increases by more than 6Q#te 39th harmonic is the parable in amplitude and satisfy the condition of the Raman
maximum order when the CPP is not u$€dy. 1(a)], and the resonance. This allows effective stimulated Raman self-
65th harmonic is the maximum order when the CPP is usedcattering(SRSS [18]. The frequency) is much less than
[Fig. (b)]). (2) The amplitude of higher harmonics increasesthe central frequency,, of the initial laser-pulse field. The

(for instance, the amplitudes of the 39th and 37th harmonicaverage value of polarizability ikx)=Sp(ap) and the dif-

are increased by two orders of magnitude, that is, the interference of the level populations V&= p,,— p1;, Wherea is
sities of these harmonics are increased by four orders ahe operator of polarizability of the medium, apdis the
magnitudes (3) The amplitude of the lower harmonics de- density matrix, which are described by the equatid&; 28
creases. We performed computer simulations for different

durations of the CPP, although Fig(bl shows only the re- 0a) 2 da) ) L0,

sult with a 160-fs CPP. A longer CPP is able to interact with 2 T, o TN @y=—layg* W, (3

the forward-traveling pulse over a comparatively longer dis-

tance. Our simulations show that if the duration of the CPP is w o (w-w,) 1
decreased, HHG in the direction of the CPP increases while —+ —°=—52(
the efficiency of HHG from the 20-fs pulse falls. The latter is Jt Ty R
easy to understand since a decrease in the duration of th

CPP leads to increased HHG from that pulaveling op- v%e're|a12| is a value of the matrix element of the polariz-
posite to the propagating 20-fs pulsat the same time, the ability corresponding to the Raman transition with frequency

). The parametell, is the dephasing time or the time of

interaction length for both pulses is shortened, decreasing tr‘saman coherence, ar, is the time of population relax-
efficiency of converting the 20-fs field into high harmonics. o > . _popuia
ation. Since we will consider coherent interactions onty (

One might expect a further rise in the efficiency of HHG _ .
from the 20-fs pulse by increasing the CPP duration indefi—<T2'T1)’ we can neglect the terms related to the relaxation

nitely. However, calculations, which take into account ion-tlmes and in Eqs§3) and(4). The nonlinear dlpqle momen.t
ization and the influence of the resulting plasma on puls ela_lted to SRSS 'd:.a‘(’?' In this case, th_e no_nlmc_ear contri-
propagation(see Sec. IV, indicates that coherence lengths ution to the polar|zat!0n of the medlum. is given 1By
for many of high-order harmonics are less than the interac- Nion{@)€, whereNjg, is the n,umber Qen5|ty of noble_ gas
tion length set up by a 160-fs CPP. ions present. The 1D Maxwel_ls gquatlofﬂs) together_V\_/lth

the expressions for the polarizatig®) and (4) (describing
the medium as an ensemble of the two-level oscillators under
two-quantum Raman-type transitignforms a system of

self-consistent equations for the second model investigated
It is well known that at intensities of the order of  in this paper.

~10* W/cn? and higher (with wavelength ~800 nm),

ionization of noble gases occurs on every half optical cycle B. Results for the fine-structure model of ionized media

of the field via a tunneling process. For example, at an in-

tensity of 3x 10'* W/cn?, approximately half of the argon

atoms present are ionized by the peak of the 27-fs @k

In addition, Krauseet al. [23] suggested that at intensities

higher than 1&* W/cn? ions may contribute significantly to

the harmonic spectra.

Ao (@)

at T, @

Ill. HHG AT THE FINE STRUCTURE OF SINGLY
IONIZED NOBLE GASES AND USING CPP

The results of our computer simulation for this model are
shown in Fig. 2. The initial pulse and CPP have the param-
eters identical to those used for the anharmonic oscillator
model used above. The 20-fs pulse passed through the same
6-um distance in medium wittN;,,=3x 10*® ions/cnt. A
lower limit for the matrix elementa,,| of the polarizability
can be estimated from experimental data on multiphoton ion-
ization in noble gases. For example, in experimg23 with
initial pulsesTo=1 ps and intensities,~ 10> W/cn? an
Next we turn to a model for HHG, which is based on effective change in the population of the statéBs,
SERS[18] associated with the fine structure of singly ion- and Py, in Kr* ions was observed. This means that the
ized noble gases. SERS can be realized on transitions beerresponding two-photon Rabi frequency can be estimated
tween fine-structure®P,-2P,,, levels of the Né&,Ar", as Qypne>1l7e. If we take into consideration that
Kr*,Xe* ions. For example, in Nethe ground statéPs;,  [agd ~Qopnrfi(c/l,) [21] for Qy,,r=3%x 10" s™! and |,
and the neighboring excited stat®,,, form a two-level sys- ~10 W/cn? [29] we obtain|a;,|~10 24 cm®. We used
tem, where the frequency transition id}/(2cC) this value| 4| in the calculations illustrated in Figs. 2 and 3.
=780.4 cm . The transitions are forbidden by parity in the Qualitatively, the results shown in Fig. 2 are similar to those
electrodipole approximation for a one-quantum process bugxhibited by the anharmonic oscillator model, but with a
permitted for a two-quantum process such as SERS. Alsomewhat more dramatic effe¢t) we see an increase in the
other levels are far removed frot>217047 cm*®[27]. A maximum harmonic order of more than two timgke 39th
similar situation exists for the ions of the other noble gasesharmonic is the maximum when the CPP was not y$egl
Seeing that a 20-fs pulse has a spectral bandwidth in th&@], and the plateau cutoff is in the region of the 85th
range of 1668 cm! the transition frequency) is easily harmonic when the CPP was usggg. 2b)]); (2) the am-

A. Fine structure of singly ionized noble gases as a two-level
system for SERS and HHG
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1073 C. HHG using CPP vs HHG using single pulses

@ To demonstrate that these effects cannot be obtained by
simply raising of the intensity of the 20-fs pulse taken alone,
we performed computer simulations, using the model for the

-
OI
o

£ 108 guantum oscillators, for a single 20-fs pulse with initial in-

; b) tensity twice and four times as large as that in Fig. 2. This

% 107® exceeds, on average, the intensity of the combined pulses,
3 the forward and the counterpropagating pulses used to gen-
EL 1077 erate Fig. 2. All parameters regarding the medium are the
<

same ones as used for Fig. 2. Figurés and 3b) show the
spectra(in the cutoff region generated by the single 20-fs
pulse with different intensities passing through the same me-
10797 . T —D4 . T . r . Y dium as in Fig. 2. Figure (8) shows the result of a lower-
0 20 4 60 80 10 intensity pulse that encounters an identical CPP. As seen in
Harmonic order Figs. 3b) and 3c), the amplitude of the lower-order harmon-
FIG. 2. Amplitude spectra ve/w, of the 20 fs pulse, with the ICS (Up to 33rd are higher from a pulse with quadrupled
same parameters as in Fig. 1, passed under SERS at the fine strifgtensity 1= 6.4x 10" Wicn?, but, at the same time, the
ture, Q/wy=0.1, of ions withN;,,=3x10'® ions/cn?, and|a,| amplitude of the higher-order harmoni@seyond 33rgl are
=10"2* cn (a) without using the 160-fs counterpropagating pulse lower in amplitude than those from the pulse and identical
and (b) with using one. CPP pair(each atl ,=1.6x 10** W/cn?). For instance, the
amplitude of the 43rd harmonidn the case of Fig. @) as

: . . . opposed to Fig. @)] is higher by an order of magnitude.
plitude of higher harmonicgfor instance, the 39th and 37th That is, the intensity of that harmonic is higher by two orders

increases by about three orders of magnitude, that is, th% magnitude. In addition, as is clear from the Fig. 3, the use

intensities of these harmonics increase by about six orders % the CPP allows us to reach higher photon enerfies

magnitude;(3) the amplitude of the lower harmonisp to 43rd harmonic is the maximum order in the célsg and the
23rd) decreases. It is seen that the efficiency of HHG for th 1st harmonic is the maximum order in the césg.

qguantum oscillatorgsee Fig. 2 is significantly higher than
that for the anharmonic oscillator modske Fig. 1 This is
easy to understand in view of the fact that in the classical
anharmonic oscillatdEq. (2)] the third-order nonlinearity is Finally, we have calculated the effect of plasma on the
taken into account only, and in the Eq8) and (4) for the coherence Iengt.h of the m_teractlon. WQ used as an estimate
two-level system all the higher-order nonlinearities are refor the ion density X 10'° ions/cni. Taking the density of
tained automaticallythe difference of the level populations free electrons to be the same, the electron plasma frequency
w is the intensity-dependent function described in @. 1S @p="9.75<10" s™*. In this case, for the 39th harmonic
(N39~20.5 nm) the coherence length=7.6 um, and for

the 61st harmonic Ng;~13 nm) the coherence length,

~5 um (L.=2/(jk;—k;). The wave number of the jth har-
monic is given byk;=[1—(w,/w;)?]"?w;/c). These coher-
ence lengths are in the neighborhood of the propagation dis-
tance of 6 um used to generate Figs. 1, 2, and 3 for the
20-fs pulse.

-
o
)
[>]

D. Plasma and coherent lengths

IV. DISCUSSION AND CONCLUSIONS

We have shown, using two different models of media—
classical anharmonic oscillatoffor Ne,Ar,Kr) as well as
quantum oscillatorgfor Ne*,Ar* Kr*)—that the use of
counterpropagating pulses leads to an increase in the gener-
ating efficiency of the highest harmonics by as much as four
orders of magnitude. This also permits much higher photon
i | energies. The CPP causes an increase in amplitude of higher
20 30 40 50 60 harmonics and a simultaneous decrease in amplitudes of

Harmonic order lower harmonics. This attribute is common to both the clas-

FIG. 3. Amplitude spectra ve/w, of the 20-fs pulsea) with  Sical and quantum models. A single pulse with higher initial
peak intensity 3.% 104 W/cn® without CPP(b) with peak inten-  intensity(e.g., four times to accomplish the same peak inten-
sity 6.4x 101 W/cn? without CPP,(c) with peak intensity 1.6 Sity and higher one, on avergge unable to match the ef-

X 10% Wicn? after interreaction with the same CPP. All param- fect. The effect occurs when the medium is relatively short
eters of the medium are the same as in Fig. 2. (i.e., 6 um), and manifests itself most strongly when the

Amplidude (arb. units)
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guantum oscillator model is used. This is not surprising sincé&1st harmonic, the coherence length relating to geometrical
that model retains automatically all of the higher-order non-mismatches isLg.,~1 mm. Also, our numerical experi-
linearities. The results show a dependence on the duratioments indicate that the enhancement effect strongly dimin-
and interaction length of the pulses. ishes if the propagation distance of the driving pulse in me-
The interference between the driving and counterpropadium is more than the interaction length; (=24 um) of
gating pulses induces a united wave field. This superpositiofhe driving (20-fs) and counterpropagatin@60-f9 pulses.
field has a steeper field gradient than the 20-fs pulse by itself2Ur investigations show that when the intensity of the coun-
The field of the 20-fs driving pulse, which contains only t€rpropagating pulsé,, decreases, the effect falls off and
eight optical cycles FWHM with an initial Gaussian enve- disappears altogether by the timg,, is a factor of 10 less
lope, is reshaping more stronglt its front and tajl during than the intensity of the driving pulse. By comparison, for
the interaction with the counterpropagating pulse, than if inth€ Work Ref[30] the counterpropagating intensity,, was
case of longer driving pulse. Recently, Bartetsal.[9] dem- ~ €V€N much les¢o0 times less _
onstrated experimentally, using20-fs (\~800 nm) pulses The initial parameters of the: driving pulse in our work are
with peak intensity~2x 10% Wicn?, that a very slight close to those used by Barte&t'al.[9]. Moreover, our work

temporal reshaping of the driving pulse can dramatically in_exhipits_ the redirection O.f energy into h_igher harmonics, in
fluence the harmonic radiation, increasing the intensities ofit@/itative agreement with their experimental resulig.
Nevertheless, the results differ significantly in that their

the higher harmonicf25th,27th(by an order of magnitude | X . dified th h | haoi
29th,31s} while suppressing the intensities of the lower har- aser-atom |n'§eractlon was modifie t. rough a pulse-shaping
nigue technique designed to optimize HHG, whereas we

monics. They found this effect to be very general, occurring“ o ; . X .
over a wide range of parameters and in different noble gaseQ?Od'f'ed the Iaser_-atom Interaction using counterpropagating
Their work illustrates significant differences between low-PUIS€. Our numerical experiments show that a counterpropa-

order nonlinear processdsecond-, third-harmonic genera- gating pulsg(with the. intgnsity that eql_JaI o the: driving
tion) and high-order processes such as HHG, which are inpulse permits the redirection of energy into the higher har-

herently nonperturbative. No CPP was used in their work. MOnics. This takes place in a relatively short propagation
Counterpropagating light was used in recent experimentdiStance (about the space lengttat FWHM) of driving

with a 30-fs driving pulsd30], where it was shown that a pulsﬁ. | d here d q | he sh
relatively weak(60 times less inten$é.-ps counterpropagat- The results presented here depend strongly on the shape

ing pulses can disrupt or boost, high-harmonics generatio _felgctromagnetic field anq on the propagation distance,.in—
by as much as two orders of magnitude, depending on icating that the effect exhibits properties of a coherent in-
positon of gas jet relative to the Ia’ser focus Theteraction. These properties and their physical interpretation
300-um-diameter gas nozzle was positioned at the collisiorfre understood in terms of the self-consistent solution de-

point of the two pulses. The authors interpreted the results i cribing the interaction betwgen. the ensemble of atoms a'."d
the electromagnetic field, taking in account propagation. This

framework of a simple model of quasiphase matching . . o
[11,31. In contrast, the conditions studied in the presentS fundamentally different than a simple sum of the emission
' ! rom individual atoms stimulated by a prescribed field. The

work are quite different from the conditions used in Ref. o . :
[30]. The observed effects are also qualitatively different duantitative properties of the effect are obtained only by
eans of a proper quantum description of the medium, tak-

The effect studied here occurs when the medium is relativel . : . "
short~6 um. Using the results from Ref12] and taking ng into account all essential nonlinearities.
into account .the parameters used in Fhls paper, one can see ACKNOWLEDGMENTS
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